Nanofluids are colloidal suspensions of nanomaterials in a fluid which exhibit enhanced thermophysical properties compared to conventional fluids. The addition of nanomaterials to a fluid can increase the thermal conductivity, isobaric-specific heat, diffusivity, and the convective heat transfer coefficient of the original fluid. For this reason, nanofluids have been studied over the last decades in many fields such as biomedicine, industrial cooling, nuclear reactors, and also in solar thermal applications. In this paper, we report the preparation and characterization of nanofluids based on one-dimensional MoS 2 and WS 2 nanosheets to improve the thermal properties of the heat transfer fluid currently used in concentrating solar plants (CSP). A comparative study of both types of nanofluids was performed for explaining the influence of nanostructure morphologies on nanofluid stability and thermal properties. The nanofluids prepared in this work present a high stability over time and thermal conductivity enhancements of up to 46% for MoS 2 -based nanofluid and up to 35% for WS 2 -based nanofluid. These results led to an increase in the efficiency of the solar collectors of 21.3% and 16.8% when the nanofluids based on MoS 2 nanowires or WS 2 nanosheets were used instead of the typical thermal oil.
Introduction
Over the last decades, the interest around renewable energies has increased due to the increasing energy demand and the environmental problems derived from fossil fuels combustion. In this scenario, solar energy presents a high potential to supply the primary energy demand, although the technology to harvest and store solar radiation needs to advance to make it affordable in comparison with fossil-based electricity. Currently, there are two technologies for power generation based on solar energy: concentrating solar power (CSP) and photovoltaics (PVs). The CSP systems present a higher potential to store energy in comparison with PV systems [1] . As a result, CSP with a thermal energy storage (TES) system is considered the first choice to provide electricity on a large scale, even at nighttime or on cloudy days [2, 3] . The principle behind CSP consists of the reflection of solar irradiation in a small area where heat is collected by a fluid and, subsequently, used in a Rankine cycle to generate steam. Finally, the steam drives a turbine which powers a generator to produce electricity [4] [5] [6] . Among the different solar collectors, parabolic trough collectors (PTCs) are the most installed technology worldwide [7] . In PTC technology, a group of curved reflectors focus sunrays onto an absorber tube which is located in the focal line of collectors. This tube contains the heat transfer fluid (HTF) which collects and transports the thermal energy to electricity generation systems or to storage facilities [8] [9] [10] .
One of the research lines to increase the efficiency in CSP plants based on PTCs is replacing the HTF (water or oil) with nanofluids. Typically, nanofluids, which are nanocolloidal suspensions of particles in a fluid, present improved thermophysical properties compared to conventional fluids. Tyagi et al. [11] predicted a 10% increment in the efficiency of solar collectors when nanofluids of aluminum are used as the working fluid. Also, an analysis of the applicability of nanofluids of graphite, aluminum, copper, and silver at tower solar power collectors has been reported with interesting results. Nanofluids based on these nanoparticles were analyzed for use in direct absorption solar collectors, and an efficiency improvement of up to 10% was found [12] . As regards PTCs, Mwesigye et al. [13] discovered an improvement in thermal efficiency of 7% with the use of a nanofluid based on Al 2 O 3 nanoparticles. Nevertheless, the number of works on nanofluids prepared with the eutectic mixture of biphenyl and diphenyl oxide, which is the typical organic oil used in CSP plants, is very small. Furthermore, there are few works on nanofluids based on one-dimensional and two-dimensional nanomaterials such as those offered in this study.
In this paper, we used the eutectic mixture of biphenyl and diphenyl oxide as a base fluid to prepare nanofluids based on metal chalcogenides. Because an important challenge is to obtain stable nanofluids over time, the initial aim was to prepare bidimensional nanostructures of metal chalcogenides suspended in HTF. The highest aspect ratio of nanosheets avoids the common sedimentation observed in spherical nanoparticles. Both MoS 2 and WS 2 materials present high thermal conductivities (34.5 Wm −1 K −1 and 32 Wm −1 K −1 ) and a hexagonal structure which facilitates its exfoliation in nanosheets [14] [15] [16] . Moreover, polyethylene glycol (PEG) was used as surfactant since its efficiency in HTF systems was proven in a previous work [17] . However, unexpectedly, in the case of MoS 2 instead of nanosheets, the resulting nanomaterial obtained after liquid phase exfoliation (LPE) were nanowires. Therefore, during the present work, a comprehensive study was performed on the influence of the morphology of metal chalcogenide nanostructures in the stability and thermal improvements of nanofluids.
Materials and Methods

Reagents
WS 2 (nanopowder, 90 nm), MoS 2 (powder, <2 µm), and polyethylene glycol-200 (PEG) were purchased from Sigma-Aldrich. The HTF employed to prepare the nanofluids was the eutectic mixture of biphenyl (26.5%) and diphenyl oxide (73.5%) typically used in PTC plants. The commercial brand name of this eutectic mixture is Dowtherm A, and it was supplied by Dow Chemical Company © . All chemicals were used without further purification.
Preparation of MoS 2 -and WS 2 -Based Nanofluids
Liquid phase exfoliation was used to prepare the metal chalcogenide-based nanofluids. In this process, 15 mg of metal chalcogenide (MoS 2 or WS 2 ) were weighed and add to four vials. Then, 5 mL of a solution with a mass concentration of 0.20 wt.% PEG in HTF was added to each vial. The vials were introduced to an Elmasonic-P ultrasonic bath, and 80 kHz of frequency was applied for 4 h. After that, black-colored solutions were centrifuged at 1000 rpm for 10 min. The precipitates were discarded, and the supernatants were subjected to another centrifugation at 400 rpm for 10 min to remove non-exfoliated nanomaterial. The supernatant liquid obtained in the second centrifugation was the final nanofluid.
Characterization of Nanofluids
The nanofluids prepared were characterized to study their stability and thermal properties. Both types of characterization are essential to elucidate their application in CSP plants. Also, transmission electron microscopy was used to study the size and morphology of the nanostructures present in both nanofluids using a JEM-2100F microscope supplied by Jeol ® . The stability of nanofluids was studied over a week by means of UV-Vis spectroscopy and dynamic light scattering (DLS). The UV-Vis spectra were registered between 400 and 850 nm using a USB2000+ spectrometer and an Ocean Optics ® DH-2000-BAL halogen lamp. The evolution of the extinction coefficient was performed at 678 nm for MoS 2 and 629 nm for WS 2 where there are characteristics bands for these metal chalcogenides [18, 19] . Dynamic light scattering was performed to determine the hydrodynamic particle size evolution over time. The equipment used to perform the DLS measurements was a Zetasizer Nano ZS system supplied by Malvern Instruments Ltd ® .
Thermal conductivity (k) was determined using the equation k(T) = D(T)·C P (T)·ρ(T), where D is the thermal diffusivity, C P is the isobaric specific heat, and ρ is the density which was defined in ASTM E 1461-01. Thermal diffusivity measurements were performed using LFA 467 equipment, supplied by NETZSCH, and conducted using the light flash technique. Temperature-modulated differential scanning calorimeter (TMDSC) technique was performed in a DSC 214 Polyma, supplied by NETZSCH, to determine the isobaric specific heat. The program established to perform isobaric specific heat measurements has been described previously [17] . Density values were determined by pycnometry. In addition, dynamic viscosity was studied due to the fact of its influence in the heat transfer process [20] [21] [22] . Dynamic viscosity measurements were obtained using a vibrational viscometer, model SV-10, supplied by A&D Company Ltd. The aforementioned thermal and rheological properties of nanofluids and HTF were analyzed in a temperature range from 290 K to 370 K.
Results
Morphological and Size Characterization of WS 2 and MoS 2 Nanostructures
Although MoS 2 and WS 2 are metal sulfides with similar properties, and the nanofluids were prepared with the same methodology, the TEM images revealed unexpected morphological results. Figure 1a shows the nanostructures found in the WS 2 nanofluid after LPE. We can observe nanosheets with lateral dimensions between 45 and 70 nm. However, in the MoS 2 nanofluid, the nanostructures obtained were nanowires as observed in Figure 1b . This is a surprising result, since the LPE process is typically used to obtain nanosheets from bulk material [23] [24] [25] [26] . The nanowires obtained presented a diameter of approximately 27 nm and a 700 nm length (see Figure 1b ). Inevitably, this morphological difference influenced the rest of the studied properties of nanofluids. On the other hand, the XRD patterns were registered for the MoS 2 and WS 2 solids extracted from the nanofluid after the LPE process. Figure 2 shows the patterns obtained. In both cases, we can observe that the pattern was typical for the hexagonal space group P63/mmc. The assignation of the planes according to the references (JCPDS cards No. 37-1492 and No. 08-0237 for MoS 2 and WS 2 , respectively) is observed in the patterns shown in Figure 2 . 
Stability of Nanofluids
The stability study showed low levels of sedimentation over time for both nanofluids according to DLS and UV-Vis measurements. Figure 3a shows that, after three days of nanofluids preparation, the extinction coefficient was constant and, therefore, nanofluids began to stabilize. At the end of the characterization, the extinction coefficient at 678 nm in MoS2 nanofluid decreased by 13%. For the WS2 nanofluid, the decrease in extinction coefficient at 629 nm was 22%. As can be seen, the WS2 nanofluid exhibited a higher extinction coefficient which suggests that a higher amount of nanomaterial was exfoliated during the LPE process. These results are concordant with those obtained by DLS technique (Figure 3b ). The average hydrodynamic particle size found in WS2 nanofluids was 200 nm, and it remained stable over the characterization time. Otherwise, in MoS2 nanofluid, the average hydrodynamic particle size increased from 350 nm to 530 nm. Thus, in WS2 nanofluid, the smaller particle size over time revealed that the agglomeration phenomenon and sedimentation process were not as prominent as in the MoS2 nanofluid which led to a greater 
The stability study showed low levels of sedimentation over time for both nanofluids according to DLS and UV-Vis measurements. Figure 3a shows that, after three days of nanofluids preparation, the extinction coefficient was constant and, therefore, nanofluids began to stabilize. At the end of the characterization, the extinction coefficient at 678 nm in MoS 2 nanofluid decreased by 13%. For the WS 2 nanofluid, the decrease in extinction coefficient at 629 nm was 22%. As can be seen, the WS 2 nanofluid exhibited a higher extinction coefficient which suggests that a higher amount of nanomaterial was exfoliated during the LPE process. These results are concordant with those obtained by DLS technique (Figure 3b ). The average hydrodynamic particle size found in WS 2 nanofluids was 200 nm, and it remained stable over the characterization time. Otherwise, in MoS 2 nanofluid, the average hydrodynamic particle size increased from 350 nm to 530 nm. Thus, in WS 2 nanofluid, the smaller particle size over time revealed that the agglomeration phenomenon and sedimentation process were not as prominent as in the MoS 2 nanofluid which led to a greater concentration of WS 2 nanostructures dispersed in HTF. In the case of MoS 2 nanofluids, the larger particle size would explain the lower extinction coefficient values of nanostructures present in the nanofluid compared to the WS 2 nanofluid, notwithstanding that at the end of the characterization, the agglomerates were not large enough for sedimentation to occur, since the extinction coefficient remained constant. Also, Figure 4 shows the UV-Vis spectra registered for both nanofluids right after preparation and seven days later in order to analyze shifts in the typical peaks observed for MoS 2 and WS 2 . We can observe a decrease in the intensity of the spectra, but no significant shift of the absorption bands can be observed.
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Some properties of nanofluids show a clear influence on heat transfer processes such as density, viscosity, isobaric specific heat, and thermal conductivity. In the case of density, an increase in density led to an enhancement in the heat transfer process. Also, it was expected that the nanofluid density was higher than the density of the base fluid, because density of liquids is lower than that of solids. As is observed in Table 1 , WS 2 and MoS 2 nanofluids exhibited a slight increment in density values with respect to the pure HTF. This is a positive feature due to the high density values improving thermal conductivity [27] [28] [29] . In addition, the higher increase of density in WS 2 nanofluid was related to the higher nanostructure concentration. According to dynamic viscosity measurements, the values were close to that of HTF. The maximum increase in viscosity was 3.2% for MoS 2 nanofluid. However, these slight increases in viscosity were not significant enough to cause changes in pumping power or heat transfer. Figure 5 shows the isobaric specific heat values obtained for nanofluids and base fluid. The highest increase of isobaric specific heat was up to 4.7% for MoS 2 nanofluid and up to 1.2% for WS 2 nanofluid with respect to HTF at 363 K. These results suggest that there was not a noticeable increase of this property which is understandable taking into account that isobaric specific heat of solids is lower than that of liquids. Furthermore, classic models based on mixture theory predict a decrease of isobaric-specific heat in respect to base fluid [30] [31] [32] . Notwithstanding, some recent theories do not consider nanofluids as a mixture of solid and liquid to determine the isobaric specific heat of nanofluids. These theories also include the study of the interaction between the molecules of nanostructure, surfactant, and liquid as a key factor in the enhancement of thermal resistance in the nanostructure/liquid interface [33] [34] [35] [36] . Thus, these recent studies would explain the increase of isobaric-specific heat of nanofluids in respect to base fluid as it is reported in this paper and in previous works [37, 38] .
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A maximum increase of 45.6% for the nanofluid based on MoS 2 nanowires and 34.5% for the nanofluid based on WS 2 at 363 K were observed. Here, although bulk solids present similar thermal conductivities, as are shown above, the increase in the thermal conductivity values for nanofluids were different. Particularly interesting is that nanofluids based on MoS 2 with less concentration of nanostructure dispersed on HTF presented the largest thermal conductivity enhancement. A plausible reason for this phenomenon lies in the size and morphology of the nanostructures present in nanofluids.
As observed during the DLS study, the stable agglomerates of MoS 2 nanowires were larger than the WS 2 nanosheet agglomerates. This greater agglomeration of nanowires in MoS 2 nanofluid can lead to percolation pathways that improve thermal conductivity more significantly than the well-distributed WS 2 nanosheets.
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Conclusions
The LPE process was used in this work to prepare nanofluids based on WS2 and MoS2 nanostructures for their application as heat transfer fluids in CSP plants based on parabolic trough collectors. Thus, the base fluid used for nanofluids preparation was the eutectic mixture of diphenyl oxide and biphenyl commonly found in CSP plants.
The most striking result was that WS2 and MoS2 exhibited different behaviors during the same exfoliation process, and two different types of nanostructures were obtained: MoS2 nanowires and WS2 nanosheets. According to DLS and UV-Vis spectroscopy, nanofluids based on MoS2 nanowires and WS2 nanosheets presented a high stability over time which suggests that this kind of advanced nanomaterials can be an alternative to nanofluids based on spherical nanoparticles. In the nanofluid based on WS2 nanosheets, the concentration of nanomaterial was higher, and agglomerates were smaller than in the nanofluid based on MoS2 nanowires. Nevertheless, nanofluid based on MoS2 nanowires exhibited a greater improvement of thermal properties despite the lower concentration of nanostructures dispersed in HTF compared to the WS2 nanofluid and the similar thermal conductivity of the metal chalcogenides. The larger agglomerates of MoS2 nanowires led to 
The LPE process was used in this work to prepare nanofluids based on WS 2 and MoS 2 nanostructures for their application as heat transfer fluids in CSP plants based on parabolic trough collectors. Thus, the base fluid used for nanofluids preparation was the eutectic mixture of diphenyl oxide and biphenyl commonly found in CSP plants.
The most striking result was that WS 2 and MoS 2 exhibited different behaviors during the same exfoliation process, and two different types of nanostructures were obtained: MoS 2 nanowires and WS 2 nanosheets. According to DLS and UV-Vis spectroscopy, nanofluids based on MoS 2 nanowires and WS 2 nanosheets presented a high stability over time which suggests that this kind of advanced nanomaterials can be an alternative to nanofluids based on spherical nanoparticles. In the nanofluid based on WS 2 nanosheets, the concentration of nanomaterial was higher, and agglomerates were smaller than in the nanofluid based on MoS 2 nanowires. Nevertheless, nanofluid based on MoS 2 nanowires exhibited a greater improvement of thermal properties despite the lower concentration of nanostructures dispersed in HTF compared to the WS 2 nanofluid and the similar thermal conductivity of the metal chalcogenides. The larger agglomerates of MoS 2 nanowires led to percolation paths through which heat was transferred faster and more efficiently than through the well-distributed WS 2 nanosheets.
Notwithstanding, both nanofluids presented significant improvements in the heat transfer process with respect to HTF. Thus, the thermal conductivity increased up to 45.6% in the nanofluid based on MoS 2 nanowires and 34.5% in the nanofluid based on WS 2 . In addition, isobaric-specific heat was measured and a slight increase of up to 4.7% for MoS 2 nanofluid and 1.2% for WS 2 nanofluid were obtained which is consistent with the current isobaric-specific models. Finally, the nanofluid temperatures at the outlet of the absorber tube used in CSP plants were estimated and compared with that obtained for the pure HTF. The results revealed that the efficiency of the collector was increased up to 21.3% and 16.8% when the MoS 2 or WS 2 nanofluids were used, respectively. Therefore, nanofluids based on metal chalcogenides show properties of great interest to be used in CSP plants based on parabolic trough collectors, such as their high stability and their thermophysical properties improvements, compared to those of the heat transfer fluid currently used.
